1.. Introduction {#s1}
================

Cultivated soybean (*Glycine max* L.), which provides an abundant source of oil and protein-rich food for human consumption and animal feed, is one of the major and most important legume crops native to East Asia. Soybean growth, productivity and seed quality are adversely affected by a wide range of environmental stresses.^[@DSR015C1],[@DSR015C2]^ Among the adverse environmental factors, drought is considered the most devastating abiotic stress. Drought stress affects all stages of plant growth and development, resulting in significant yield loss by ∼40%; as well as severely impacting seed quality.^[@DSR015C2]^ In response to drought stress, plants activate a number of defence mechanisms that function to increase tolerance to water deficit.^[@DSR015C3],[@DSR015C4]^ The early events of the adaptation of plants to drought stress includes the perception of stress signals and subsequent signal transduction, leading to the activation of various physiological and metabolic responses.^[@DSR015C3],[@DSR015C5],[@DSR015C6]^ Within the signal transduction networks that are involved in the conversion of stress signal perception to stress-responsive gene expression, various transcription factors (TFs) and *cis-*acting elements contained in stress-responsive promoters function not only as molecular switches for gene expression, but also as terminal points of signal transduction in the signalling processes. The identification and molecular tailoring of novel TFs have the potential to overcome a number of important limitations involved in the generation of transgenic crop plants with superior yield under stress conditions.

Within higher plants, ∼7%; of their genomes encodes for putative TFs.^[@DSR015C7]^ Typically, the TFs contain a distinct type of DNA-binding domain and transcriptional regulation region (TRR) and are capable of activating or repressing the transcription of multiple target genes.^[@DSR015C3],[@DSR015C5],[@DSR015C8],[@DSR015C9]^ The NAC TFs contain a highly conserved N-terminal DNA-binding NAC domain and a variable C-terminal TRR.^[@DSR015C10]^ Research in *Arabidopsis* has indicated that there are at least five different target DNA-binding sites for the NAC TFs. These include the drought-responsive NAC recognition sequence (NACRS) containing the CACG core motif; the iron deficiency-responsive *IDE2* motif containing the core sequence CA(A/C)G(T/C)(T/C/A)(T/C/A); the CBNACBS-binding site of the *Arabidopsis* calmodulin-binding CBNAC protein having the GCTT as core-binding motif; the secondary wall NAC-binding element (SNBE) with 19-bp consensus sequence (T/A)NN(C/T) (T/C/G)TNNNNNNNA(A/C)GN(A/C/T) (A/T); and the 21-bp segment of the 35S promoter (−83 to −63) containing two core sequences CGTA and CGTC.^[@DSR015C11]--[@DSR015C17]^ In addition to DNA binding, the NAC domain also possesses the capacity for mediating protein:protein interactions.^[@DSR015C13],[@DSR015C18]^ The highly variable C-terminal TRRs of NAC TFs can act as either a transcriptional activator or a repressor.^[@DSR015C11],[@DSR015C14],[@DSR015C19]^ Interestingly, the C-terminal domains of numerous NAC TFs also exhibit protein-binding activity.^[@DSR015C14]^ On the other hand, the C-terminal regions of some NAC TFs also contain transmembrane motifs (TMs) which are responsible for the anchoring to the plasma membrane. These NAC TFs are classified as membrane-associated and are designated as NTL (NTM1-Like or 'NAC with Transmembrane Motif 1'-Like) TFs.^[@DSR015C20],[@DSR015C21]^

NAC TFs have been shown to regulate a number of biological processes, including those which protect plants under water stress conditions.^[@DSR015C10],[@DSR015C22],[@DSR015C23]^ There are at least 105 ANAC and 140 ONAC members in *Arabidopsis* and rice (*Oryza sativa*), respectively.^[@DSR015C24]--[@DSR015C26]^ The first evidence demonstrating the involvement of NAC TFs in the improvement of drought tolerance in plants was reported in *Arabidopsis* by the identification and functional analyses of the *ANAC019*, *ANAC055* and *ANAC072* genes. Following this work, a number of studies on abiotic stress-related functions of NAC TFs in various plant species have been reported.^[@DSR015C2],[@DSR015C4],[@DSR015C11],[@DSR015C19],[@DSR015C27]^ The recent completion of the soybean genomic sequence has facilitated the prediction of at least 61 TF families in soybean, among which the plant-specific NAC TF family consists of more than 180 putative members.^[@DSR015C28]--[@DSR015C32]^ Given the importance of NAC TFs in diverse biological and physiological processes and their potential application for the development of improved drought-tolerant transgenic crop plants, we carried out a systematic analysis of the soybean NAC TF family in the present study. Putative GmNAC TFs predicted by genome-wide surveys of the soybean genomic sequence (Glyma 1 model) and those provided by various databases have been carefully analysed and subjected to phylogenetic analyses with their *Arabidopsis* and rice counterparts. These comparisons have enabled the identification of gene orthologs and clusters of orthologous groups that can be studied for further functional characterization. Taking advantage of the wealth of available expression data, which were generated by either high-throughput microarray expression profiling experiments or Illumina transcriptome sequencing, we also performed a comprehensive analysis of tissue-specific expression of all *GmNAC* genes, which in turn provided important complementary datasets to assist in the elucidation of their function. Furthermore, we used a time-coursed dehydration stress treatment and subsequent quantitative real-time PCR (qRT-PCR) analysis as a precise mechanism for detailing the root- and shoot-related expression patterns of predicted stress-responsive *GmNAC* genes. The results of this systematic analysis of the GmNAC family have enabled us to identify appropriate root- or shoot-related and/or dehydration-responsive *GmNAC* candidate genes and their respective promoters to be used as candidates in further *in planta* functional analyses. Ultimately, these findings will lead to potential applications for the improvement of drought resistance in soybean via genetic engineering.

2.. Materials and methods {#s2}
=========================

2.1.. Plant growth, treatments and collection of tissues {#s2a}
--------------------------------------------------------

Soybean cv. Williams 82 seeds were germinated in 6-l pots containing vermiculite and were well-watered and grown under greenhouse conditions (continuous 30°C temperature, photoperiod of 12 h/12 h, 80 µmol m^−2^ s^−1^ photon flux density and 60%; relative humidity). For tissue-specific expression profiling of *GmNAC* genes, root and shoot tissues were collected from 12-day-old soybean plants in three biological replicates. For expression profiling of *GmNAC* genes under dehydration stress, the dehydration treatment was carried out in time-course experiments to identify dynamic changes in transcripts in response to dehydration stress as previously described.^[@DSR015C33]^ Root and shoot tissues were collected separately in three biological replicates for the expression profiling studies.

2.2.. Identification of the GmNAC members in soybean {#s2b}
----------------------------------------------------

All GmNAC members predicted in soybean were collected for manual analysis,^[@DSR015C28],[@DSR015C30],[@DSR015C31]^ and only those GmNAC proteins containing full open reading frames (ORFs), as predicted by Glyma1 model, were used for further analyses. We used the TMHHM server ver. 2.0 (<http://www.cbs.dtu.dk/services/TMHMM/>) to enable the prediction of the membrane-bound *GmNAC* members.

2.3.. Phylogenetic analysis {#s2c}
---------------------------

Sequence alignments of related proteins belonging to each class from *Arabidopsis*, rice and soybean proteins were performed with a gap open penalty of 10 and a gap extension penalty of 0.2 using ClustalW implemented on MEGA 4 software.^[@DSR015C34],[@DSR015C35]^ The alignments were subsequently visualized using GeneDoc (<http://www.nrbsc.org/gfx/genedoc/>) as presented in [Supplementary Fig. S1](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1).^[@DSR015C36]^ The sequence alignments were also used to construct the unrooted phylogenetic trees by the neighbour-joining method using MEGA4 software. The confidence level of monophyletic groups was estimated using a bootstrap analysis of 10 000 replicates. Only bootstrap values higher than 40%; are displayed next to the branch nodes.

2.4.. Soybean affymetrix microarray data analysis {#s2d}
-------------------------------------------------

Gene expression data available for each putative soybean *GmNAC* gene were retrieved from the soybean gene expression data housed within the Genevestigator database by correspondences between soybean genes from the Glyma1 model and probe identifiers from Affymetrix GeneChip probes.^[@DSR015C37]^ The respective model IDs used in the Glyma1 model for the respective model IDs that were used in the Affymetrix Genechip were identified by Soybase (<http://soybase.org/AffyChip/index.php>).^[@DSR015C38]^ A total of 61 probes were found and corresponded to 48 *GmNAC* genes in this study. These probes were subsequently used for data retrieval and analysis.

2.5.. Soybean Illumina expression data analysis {#s2e}
-----------------------------------------------

We utilized Illumina transcriptome sequencing data that was previously generated and analysed by Libault *et al.*^[@DSR015C39],[@DSR015C40]^ to evaluate the expression of *GmNAC* genes. Sequencing data included transcriptome analyses from 13 different conditions, including nodules, roots, root tips, leaves, flowers, green pods, apical meristem, mock-inoculated and *Bradyrhizobium japonicum*-infected root hair cells harvested at 12, 24 and 48 h after inoculation.

2.6.. RNA isolation, DNaseI treatment, cDNA synthesis {#s2f}
-----------------------------------------------------

Plant tissue samples were ground into a fine powder using a mortar and pestle. Total RNA was isolated using the TRIZOL reagent according to the manufacturer\'s supplied protocol (Invitrogen). RNA concentration, DNaseI treatment and cDNA synthesis were performed as previously described.^[@DSR015C33]^

2.7.. qRT-PCR and statistical analyses {#s2g}
--------------------------------------

Gene-specific primers for soybean *GmNAC* genes were designed using the Primer3 software.^[@DSR015C41]^ Primer specificity was first confirmed by blasting each primer sequence against the soybean genome (Glyma1 model).^[@DSR015C32]^ We performed subsequent analysis of melting curves and visualization of amplicon fragments. Primers were found gene-specific if corresponding melting curves yielded a single sharp peak and if the primers exhibited an electrophoresis pattern of a single amplicon with the correct predicted length. Under these strict criteria, we were able to design primers for 42 out of 58 putative stress-related *GmNAC* genes ([Supplementary Table S1](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1)). As previously described, the *CYP2* gene was selected as a reference gene for the expression profiling of soybean genes.^[@DSR015C42]^ qRT-PCR reactions and data analyses were performed as previously described.^[@DSR015C33]^ When appropriate, a Student\'s *t*-test (one tail, unpaired, equal variance) was used to determine the statistical significance of the differential expression patterns between tissues and/or between treatments. Differential expression data were regarded as statistically significant only when passing the *t*-test with a *P*-value of \<0.05. Considering the biological significance of the differential expression in this study, we adopted a cut-off value of 3-fold for tissue-specific expression and 2-fold when analysing stress induction or repression. The expression levels were designated as 'different', 'induced' or 'repressed' only if such differences met the above criteria and passed the Student\'s *t*-test.

3.. Results and discussion {#s3}
==========================

3.1.. Identification and chromosomal distribution of the GmNAC members in soybean {#s3a}
---------------------------------------------------------------------------------

The GmNAC members in soybean have been predicted by three independent groups using genome-wide screening of soybean genomic sequences (Glyma1 model). However, each group provided different numbers of putative GmNAC TFs within their public databases. The highest number of GmNAC TFs (226) was reported by SoyDB, while SoybeanTFDB and PlantTFDB predicted 205 and 183 putative GmNACs, respectively.^[@DSR015C28],[@DSR015C30],[@DSR015C31],[@DSR015C43],[@DSR015C44]^ As an initial step, we collected the sequences for all of the putative GmNAC TFs from three databases for sequence comparison. Among all of the predicted putative GmNAC TFs, 152 members were found to contain full ORFs as predicted by the Glyma1 model. Only these predicted full-length GmNAC TFs were used for further analyses. If Glyma1 predicted several splice variants for a given gene, all of the alternative splice variants were carefully checked. Splice variants encoding the longest reading frames were selected as representatives for subsequent sequence alignments and phylogenetic analyses. For these studies, we also utilized the soybean FL-cDNA information that is also publicly available (<http://rsoy.psc.riken.jp/>).

The *GmNAC* genes are distributed on every chromosome in soybean (Fig. [1](#DSR015F1){ref-type="fig"}A). Chromosome 12 contains the highest number of *GmNAC*s, with14 out of 152 members (∼9%), while chromosomes 3 only contains one member (\<1%; Fig. [1](#DSR015F1){ref-type="fig"}A). The relative locations of the *GmNAC* genes were indicated on their respective chromosome and genes located within 20 loci from each other were marked with a star to indicate possible tandem duplications (Fig. [1](#DSR015F1){ref-type="fig"}B). [Supplementary Table S2](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1) provided significant information including gene IDs as defined by the Glyma1 model for each predicted GmNAC TF, lengths of amino acid sequences and corresponding available full-length cDNA (FL-cDNA) accession numbers (RIKEN) for the identified 152 full-length GmNAC TFs. Additionally, the cDNAs and protein sequences annotated by the Glyma1 model of these 152 GmNAC TFs are provided as additional data that can be easily downloaded for convenient use ([Supplementary Dataset 1](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1)). A uniform nomenclature for all the *GmNAC* genes identified in this work and those, which were previously characterized,^[@DSR015C42],[@DSR015C45],[@DSR015C46]^ has been adopted taking into account the order of the chromosomes to facilitate scientific communication ([Supplementary Table S2](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1)). Figure 1.Chromosomal distribution of 152 soybean *GmNAC* genes identified in this study. (A) Abundant distribution of *GmNAC* genes on each soybean chromosome with indication of percentages of *GmNAC*s located on each chromosome. (B) Graphical representation of locations for putative *GmNAC* genes on each soybean chromosome. The stars on the right of each chromosome indicate tandem duplicated genes. Greek numbers indicate chromosome numbers.

3.2.. Structural and phylogenetic analyses of GmNAC TFs {#s3b}
-------------------------------------------------------

In order to examine the structure of GmNAC TFs identified in our study, we performed a phylogenetic analysis of their deduced protein sequences together with three representative ANACs of *Arabidopsis*^[@DSR015C11]^ ([Supplementary Fig. S1](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1)). As expected, most of the GmNAC TFs shared a highly conserved N-terminal DNA-binding domain of the typical NAC domain containing five consensus subdomains and a highly variable C-terminal transcriptional regulation domain. Several GmNACs do not contain the typical NAC domain. For example, Gm04g08320/GmNAC015, Gm13g18620/GmNAC096 and Gm19g08510/GmNAC142 lack the conserved A and B subdomains and Gm08g18050/GmNAC060 lacks the conserved C and D subdomains. In these cases, these proteins are described as NAC-like proteins, according to the classification of ONACs of rice.^[@DSR015C25]^ Additionally, all of the examined GmNAC TFs, with the exception of Gm05g32470/GmNAC028 and Gm08g18050/GmNAC060, contain a conserved bipartite nuclear localization signal. This signal sequence has been identified in the D subdomain from many NAC domain proteins among different plant species, suggesting that these GmNACs are nuclear localized ([Supplementary Fig. S1](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1)).^[@DSR015C47]^

To study the evolutionary relationship between the GmNAC TFs and among the NAC TFs from different plant species, all GmNACs and NAC TFs from the dicot (*Arabidopsis*) and monocot (rice) models systems were subjected to a multiple sequence alignment. The multiple sequence alignment file was then used for the construction of an unrooted phylogenetic tree. As illustrated in [Supplementary Fig. S2](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1), the phylogenetic analysis classified the GmNACs into a number of different subgroups together with their ANAC and ONAC orthologs. Similar to *Arabidopsis* and rice, these data identified the existence of a diversified GmNAC family in soybean with diverse functions.^[@DSR015C25],[@DSR015C26]^ Interestingly, among the subgroups identified by phylogenetic analysis, one subgroup only contains rice ONACs. This finding suggests that NACs from monocots and dicots are evolutionarily distinct. Specifically, ONACs originate from rice and the ANACs and GmNACs are exclusive to *Arabidopsis* and soybean, respectively ([Supplementary Fig. S2](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1)).

One of our main interests for performing phylogenetic analysis of GmNAC TFs was to enable the prediction of abiotic stress-responsive *GmNAC* genes that could be subsequently prioritized for further *in planta* functional studies. Previous reports have provided strong evidence for phylogenetic analysis-based prediction of the stress-related function of several gene families, including TF families. Phylogenetic analysis of the soybean AP2_EREBP and rice ONAC families with their orthologs from other plant species, whose stress-responsive expression patterns and/or functions are known, resulted in a nearly perfect match between sequence conservation and functions or expression patterns.^[@DSR015C25],[@DSR015C48]^ Among the ANACs and ONACs, many proteins which are involved in the regulation of physiological and biochemical responses are associated with resistance to various abiotic stresses, including drought.^[@DSR015C10]^ For instance, *Arabidopsis ANAC019*, *ANAC055* and *ANAC072* and rice SNAC1/ONAC002 and OsNAC6/SNAC2/ONAC048 act as positive regulators in drought stress response.^[@DSR015C11],[@DSR015C18],[@DSR015C19],[@DSR015C27]^ On the basis of sequence alignments and phylogenetic analyses, which included a number of known stress-related NAC TFs from *Arabidopsis* and rice, we identified 50 new putative stress-related *GmNAC* genes. These predicted GmNACs clustered into six monophyletic groups (Fig. [2](#DSR015F2){ref-type="fig"}A and B). Eight of nine *GmNAC* genes (names are highlighted by red colour), which were previously reported as dehydration-responsive genes,^[@DSR015C42]^ were also clustered in the stress-responsive clades III, IV, V and VI. These data suggest that the phylogenetic analysis-based gene identification approach is reliable for rationalizing systematic functional predictions of different TF families (Fig. [2](#DSR015F2){ref-type="fig"}A).^[@DSR015C42],[@DSR015C46],[@DSR015C49]^ Figure 2.Phylogenetic analysis-based prediction of abiotic stress-related *GmNAC* genes. (A) Phylogenetic relationship of NAC proteins from *Arabidopsis* (yellow), rice (blue) and soybean (red). The unrooted phylogenetic tree was constructed using the full ORFs of NAC proteins. Numbers in Greek letters indicate clades with known stress-responsive members. (B) Details of stress-responsive clades. A total of 50 *GmNAC* new stress-responsive genes were predicted based upon phylogenetic analysis. Known stress-responsive *NAC* genes, including the eight previously reported dehydration-responsive *GmNAC* genes, are coloured in red.

3.3.. The membrane-bound GmNAC subfamily {#s3c}
----------------------------------------

It has been established that the activities of TFs are co-ordinately regulated at multiple steps through transcriptional, posttranscriptional, posttranslational and translocational mechanisms.^[@DSR015C50],[@DSR015C51]^ A number of these proteins are expressed as membrane-bound TFs (MTFs) and are stored in their dormant forms, and the degradation of their cytoplasmic anchors is required for their activation.^[@DSR015C50]^ The activated TFs enter the nucleus where they are then capable of functioning to regulate the expression of their respective target genes. There are at least 85 and 45 MTFs in *Arabidopsis* and rice genomes, respectively, and virtually all of the MTFs exist in all major TF families. Within the NAC family, a genome-wide analysis predicted at least 18 and 5 MTFs in *Arabidopsis* and rice, respectively.^[@DSR015C21]^ Each of the NAC MTFs, which are also called NTLs in other publications, contains an α-helical TM in their C terminal regions. This TM is responsible for anchoring to either plasma membranes or endoplasmic reticulum membranes and is involved in the regulation of activities of NTLs primarily at the processing step.^[@DSR015C20]^

Among the 152 soybean GmNACs, 11 GmNAC MTFs were predicted based upon the existence of the TMs identified using the TMHMM server 2.0 (Table [1](#DSR015TB1){ref-type="table"}; [Supplementary Table S2](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1)). All *Arabidopsis* and rice NAC MTFs members have been predicted to contain a single TM.^[@DSR015C21]^ In contrast, 9 of the 11 identified GmNAC MTFs were found to contain a single TM, whereas the remaining two (GmNAC013 and GmNAC136) contain two TMs (Table [1](#DSR015TB1){ref-type="table"}). A phylogenetic tree of the NAC MTFs from soybean, *Arabidopsis* and rice was constructed and is visualized in Fig. [3](#DSR015F3){ref-type="fig"}. Strong lines of evidence have indicated that a number of the functionally characterized NAC MTFs are closely related with plant responses to environmental stresses.^[@DSR015C20],[@DSR015C50]^ In *Arabidopsis*, studies have shown that at least four NTLs (NTL6/At3g49530, NTL8/At2g27300, NTL9/At4g35580 and NTL12/NTM1/At4g01540) function in stress responses. These NTLs are activated by membrane-associated proteases in the endoplasmic reticulum by liberating the TFs from their TM domain when plants experience environmental stresses.^[@DSR015C20],[@DSR015C52],[@DSR015C53]^ Thus, it is feasible that a number of the GmNAC MTFs identified in this study play an important role in gene regulatory networks that serve as an adaptive strategy for soy plants to survive under adverse growth conditions. Table 1.Putative membrane-bound soybean GmNAC TFsNamesOld names^a^Gene modelLength (a.a)Transmembrane sequences^b^GmNAC012GmNAC027Glyma02g38710.1589565--587GmNAC013Glyma02g40750.1584508--527561--578GmNAC021GmNAC025Glyma04g40450.1603579--601GmNAC036GmNAC026Glyma06g14290.1598574--596GmNAC074Glyma10g36360.1560529--551GmNAC103Glyma13g39090.1422330--352GmNAC110Glyma14g36840.1590566--588GmNAC111Glyma14g39080.1600524--543GmNAC136Glyma18g05020.1631533--552609--628GmNAC149GmNAC024Glyma20g31210.1549518--540GmNAC151Glyma20g33390.1609584--606[^2][^3] Figure 3.Phylogenetic relationship of NAC MTFs from *Arabidopsis*, rice and soybean. The unrooted phylogenetic tree was constructed using the full ORFs of NAC proteins. The bar indicates the relative divergence of the sequences examined and bootstrap values are displayed next to the branch.

3.4.. Analysis of expression patterns of GmNAC genes using Affymetrix arrays {#s3d}
----------------------------------------------------------------------------

Tissue-specific expression profiles are useful data because they identify the genes which are involved in defining the precise nature of individual tissues. It is well established that the mechanisms controlling drought resistance are either associated with root- and/or shoot-related traits.^[@DSR015C1]^ For instance, an extensive fibrous root system can be useful for foraging subsoil surface moisture and nutrients such as phosphorus. In addition, plants can adapt to drought stress by developing a longer taproot which enables the plant to reach lower soil layers where water is more readily available. On the other hand, a restraint of shoot growth has been shown to be advantageous in adverse environments by minimizing evaporative leaf surface area. Hence, the appropriate control of shoot- and root-related morphological traits is a promising approach for developing drought resistance in a number of crops, including soybean.^[@DSR015C1],[@DSR015C54],[@DSR015C55]^ In *Arabidopsis*, the CUC1, CUC2 and CUC3 (CUP-SHAPED COTYLEDON) NAC TFs have been shown to be involved in shoot apical meristem formation and development,^[@DSR015C22],[@DSR015C56]^ while NAC1 and AtNAC2 are involved in the regulation of lateral root development.^[@DSR015C13],[@DSR015C57]^ Overexpression of the *NAC1* and *AtNAC2* genes, which are preferentially expressed in roots, promoted lateral root development in *Arabidopsis*.^[@DSR015C13],[@DSR015C57]^ These data suggest that tissue-specifically expressed *NAC* genes have the potential to be used for the genetic engineering of specific traits.

As a result, we first utilized the Affymetrix array data housed within Genevestigator to examine the specific expression patterns of *GmNAC* genes.^[@DSR015C37]^ This was our first approach towards the identification of candidate genes that could be potentially used for enhancing drought resistance by altering shoot and/or root growth when overexpressed or repressed in transgenic plant systems. The Affymetrix Soybean Array GeneChip was specifically designed to analyse ∼37 500 soybean, 15 800 *Phytophthora sojae* as well as 7500 *Heterodera glycines* transcripts. The current Affymetrix array data available at Genevestigator contain measurements of transcript levels for 35 different organs and tissues. The respective model IDs of *GmNAC* genes used in the Glyma1 model for the respective model IDs that were used in the Affymetrix Genechip were identified by Soybase (<http://soybase.org/AffyChip/index.php>).^[@DSR015C38]^

We confirmed that probes exist for a total of 48 *GmNAC* genes on the soybean GeneChip. The heat map shown in [Supplementary Fig. S3](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1) displays the patterns of expression of these *GmNAC* genes within 35 major organs and tissues. Clustering analysis of the expression data indicates high variability in transcript abundance of the *GmNAC* genes. Among the 48 *GmNAC* genes, many are highly and specifically expressed in roots and/or leaves, suggesting that these could be candidate genes for the potential engineering of plant responses within those specific tissue types. Only a small portion of *GmNAC* genes were found to be ubiquitously expressed in all of the examined tissues. The data supplied here are useful to assess the extent of *GmNAC* gene expression, as they provide the first line of temporal and spatial evidence which links them to putative *in planta* functions. With respect to the response to *P. sojae* infections, our clustering analysis detected a group of 10 *GmNAC* genes which showed strong induction in all of the studies examined ([Supplementary Fig. S4](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1)). These data suggest that these GmNACs potentially function in response to *P. sojae* infections.

3.5.. Analysis of expression patterns of GmNAC genes using Illumina transcriptome data {#s3e}
--------------------------------------------------------------------------------------

Since the current soybean Affymetrix Genechip platform was limited and did not enable analysis for all 152 *GmNAC* genes, we also utilized transcriptome data derived from Illumina sequencing of soybean short transcripts to assess the expression patterns of all *GmNAC* genes. This transcriptome atlas provided expression data for 55 616 putative soybean genes in eight types of tissues and organs, including root tips, roots, root hairs, nodules, leaves, shoot apical meristems, flowers and green pods.^[@DSR015C40]^ Although there were fewer tissues and organs examined in comparison to Affymetrix Genechip data, expression profiles for all 152 *GmNAC* genes could be investigated. Consistent with observations from Affymetrix Genechip data, the results shown in [Supplementary Fig. S5A](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1) indicate high variability in the transcript abundance of *GmNAC* genes. As shown in the heat maps, the spatial expression patterns of numerous *GmNAC* genes are tissue-specific, while others are ubiquitous. These observations indicate that the functions of the GmNACs are diversified in a similar manner as that of their *Arabidopsis* counterparts.^[@DSR015C10],[@DSR015C22],[@DSR015C58]^ Figure [4](#DSR015F4){ref-type="fig"} highlighted the expression patterns of 58 *GmNAC* genes, which were predicted as stress-related genes by phylogenetic analysis. Eight genes were expressed strongly and ubiquitously in all eight tissues (Fig. [4](#DSR015F4){ref-type="fig"}, box A), while 16 genes were preferentially expressed in roots, root hairs and flowers (Fig. [4](#DSR015F4){ref-type="fig"}, black bar at right). Interestingly, among these 16 genes, only seven genes were also found to be preferentially transcribed in root tips (Fig. [4](#DSR015F4){ref-type="fig"}). The tissue-specific and stress-related genes could serve as good candidates for the engineering of stress-related traits under stress conditions. Additionally, for those who have an interest in studying the functions of *GmNAC*s in response to *B. japonicum* innoculations, expression data for all 152 *GmNAC* genes in mock-inoculated and *B. japonicum*-infected root hair cells harvested at 12, 24 and 48 h after inoculation are summarized and provided on [Supplementary Fig. S4](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1). The expression of a number of *GmNAC* genes was remarkably altered after the infection with the bacterium. Figure 4.Heat map representation for tissue-specific expression of 50 predicted stress-responsive and 8 previously reported dehydration-responsive *GmNAC* genes. Expression patterns of 58 *GmNAC* genes were analysed using Illumina transcriptome data. The colours indicate expression intensity (red, high expression; green, low expression; grey, no expression). Box A indicates a group of ubiquitously expressed *GmNAC* genes in the eight types of tissues examined. The black bar indicates a group of 16 *GmNAC* genes highly expressed in roots, root hairs and flowers.

The tissue-specific expression data analysed using Affymetrix Genechip data and Illumina sequencing of soybean short transcripts can be used to address the combinatorial usage of GmNAC TFs, enabling great precision and flexibility in dictating the transcriptional program of different tissues. On the other hand, ubiquitously expressed GmNACs alone, in isolation or in combination with each other or with other type(s) of TFs, might control general cellular machinery. Combinations of specific and/or stress-related GmNACs with other type(s) of TFs might regulate tissue-specific and/or stress-responsive downstream genes. Alternatively, ubiquitous GmNACs might serve as a platform to regulate a broad set of genes which are subsequently fine-tuned by specific regulators. Molecular dynamics involving extensive protein--protein interactions, such as specific homodimerizations and heterodimerizations, as well as modular flexibility and posttranslational modifications, have been shown to determine the functional specificity of TFs. Analysis of such interactions will help elucidate patterns of combinatorial regulation and will ultimately help define the regulatory functions of the GmNAC TFs themselves.^[@DSR015C3],[@DSR015C18],[@DSR015C59],[@DSR015C60]^

3.6.. Expression patterns of predicted GmNAC genes in roots and shoots during dehydration stress {#s3f}
------------------------------------------------------------------------------------------------

In a previous section, we used sequence similarity comparisons and phylogenetic analyses to predict 58 stress-related members, of which 50 were new, among all 152 *GmNAC* genes (Fig. [2](#DSR015F2){ref-type="fig"}). With the goal of identifying candidate dehydration-responsive *GmNAC* genes for the engineering of soybean plants with improved drought resistance, we aimed to first perform systematic expression profiling of *GmNACs* prior to launching laborious *in planta* functional studies for multiple *GmNAC* genes. Specifically, we employed qRT-PCR analysis of 38 predicted stress-related *GmNAC* genes with gene-specific primers in root and shoot tissues of 12-day-old soybean plants subjected to 2 and 10 h dehydration stress. Five (*GmNAC011*, *GmNAC019*, *GmNAC 043*, *GmNAC092* and *GmNAC109*) and three (*GmNAC041*, *GmNAC061* and *GmNAC102*) *GmNAC* genes previously reported as dehydration-responsive and dehydration-unresponsive, respectively, were also included in the qRT-PCR experiment as decoys to verify the positive and negative discovery rates ([Supplementary Table S2](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsr015/DC1)).^[@DSR015C42]^ Additionally, the evaluation of expression patterns in individual stressed tissues, rather than whole plants, might provide information on the mode of action of stress-responsive genes in specific tissues.

On the other hand, in comparison with the *in silico* expression analyses based on either the Affymetrix Genechip platform or Illumina sequencing, this experimental design also provided us with more reliable information on the expression patterns of these 42 *GmNAC* genes in root and shoot tissues of soybean seedlings grown under normal conditions. The expression of all 42 genes was detectable under our experimental conditions and the qRT-PCR results allowed us to classify the 42 *GmNAC* genes into four groups based on their transcript abundance detected in roots and shoots (Fig. [5](#DSR015F5){ref-type="fig"}A--D). Twenty-two of the 42 *GmNAC* genes were preferentially or specifically expressed in either roots or shoots of seedlings according to the criteria defined for the analysis of tissue-specific expression (Fig. [5](#DSR015F5){ref-type="fig"}E).^[@DSR015C40]^ Specifically, 12 and 10 *GmNAC* genes were preferably or specifically expressed in root and shoot tissues, respectively, whereas 20 out of 42 *GmNAC* genes tested were ubiquitously expressed in roots and shoots (Fig. [5](#DSR015F5){ref-type="fig"}). Figure 5.Expression patterns of 38 predicted stress-responsive and 4 decoy dehydration-responsive *GmNAC* genes in root and shoot tissues of soybean seedlings under normal conditions. (A--D) The *GmNAC* genes were classified into four groups based upon their expression levels. (E) Number of *GmNAC* genes expressed ubiquitously or tissue-specifically in roots or shoots.

As for dehydration-responsive expression, a significant number of soybean *GmNAC* genes were found to be dehydration-responsive in either roots or shoots or both tissues (Fig. [6](#DSR015F6){ref-type="fig"}). A total of 29 induced and six repressed *GmNAC* genes were identified with a fold change of two or more, representing 83%; of the 42 genes examined being stress-related. Among 29 *GmNAC* genes, including four decoy dehydration-responsive genes, 4, 13 and 12 genes were induced in root, shoot and both tissues, respectively (Fig. [6](#DSR015F6){ref-type="fig"}A). As for the repressed *GmNAC* genes, expression of all six genes was down-regulated by dehydration in the shoots (Fig. [6](#DSR015F6){ref-type="fig"}B). Expression levels of *GmNAC* genes that did not respond to dehydration were not shown. Overall, the qRT-PCR verification demonstrated that the sequence similarity-based method has an accuracy rate of 83%; for the stress-related *GmNAC* genes. This rate suggests that this sequence similarity-based targeted gene identification approach has great potential for genome-wide prediction for stress-related TFs in plants or other species. Additionally, among the induced *GmNAC* genes, *GmNAC085* was the most induced by dehydration with 390-fold and 20-fold induction in shoots and roots, respectively. The protein encoded by *GmNAC085* exhibited 39%; and 50%; identity and similarity, respectively, to the most extensively characterized rice NAC TF (SNAC1/ONAC02) which conferred drought tolerance to transgenic rice plants under field conditions.^[@DSR015C19]^ *GmNAC085*, therefore, appears to be an excellent candidate for further *in planta* studies in soybean. Figure 6.Identification of dehydration-responsive *GmNAC* genes. Expression patterns of 38 predicted stress-responsive and 4 decoy dehydration-responsive *GmNAC* genes were analysed in dehydration-treated root (white bars) and shoot (black bars) tissues of soybean seedlings. Illustrated genes were either up-regulated by at least 2-fold (A) or down-regulated at least 2-fold (B) by dehydration stress in root and/or shoot tissues.

3.7.. Conclusions {#s3g}
-----------------

The focusing of research efforts on uncharacterized TFs using high-throughput genomic surveys and the analysis of huge resources of available expression data to describe key features of novel TFs, in combination with a detailed examination using traditional molecular approaches, will undoubtedly accelerate our functional understanding of these important regulatory genes. This report has provided the comprehensive identification and characterization of the soybean NAC TF family, with a special emphasis on the relation to dehydration stress responsiveness. Additionally, our results have provided useful information by identifying candidate tissue-specific and/or dehydration-responsive *GmNAC* genes. By combining these genes with their associated dehydration-responsive promoters, scientists will be able utilize these resources to engineer soybean plants for enhanced stress resistance. The foundation of knowledge presented in this work has revealed the diverse functions of the GmNAC TFs in different biological aspects. Future follow-up studies will rapidly improve our understanding of the regulatory function of NAC members. A greater understanding of how TFs operate will be subsequently translated into their potential applications to enhance plant productivity.
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[^2]: ^a^Old names were given as in Tran *et al.*^[@DSR015C42]^
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